We recently demonstrated that IgE, in the absence of crosslinking agents, activates signaling pathways in normal murine bone marrow derived mast cells (BMMCs) and that this activation enhances BMMC survival, at least in part, via secretion of autocrine-acting cytokines. We report herein that IgE alone also triggers the adhesion of both BMMCs and connective tissue mast cells (CTMCs) to the connective tissue component, fibronectin (FN). This adhesion occurs to the same extent as that triggered by optimal levels of Steel Factor (SF) or IgE + antigen (IgE+Ag) and is mediated by an increased avidity of the integrin VLA-5. Moreover, this IgE-induced adhesion, which is prolonged compared to that elicited by SF or IgE+Ag, requires phosphatidylinositol 3-kinase (PI3K), phospholipase C (PLC ) and extracellular calcium but not Erk or p38. Interestingly, we found, using the calcium channel blocker, 2-APB and Lyn -/-BMMCs that both IgE-and IgE+Ag-induced adhesion to FN require extracellular calcium entry whereas SF does not. Furthermore, our data suggest that FN acts synergistically with IgE to prolong intracellular phosphorylation events and enhance IgE-induced inflammatory cytokine production and BMMC survival.
Introduction
Mature mast cells are located at the portals between self and non-self, and serve as front line defenders against invading bacteria and helminthic parasites 1 . They do this by initiating an acute inflammatory response, which typically consists of a rapid degranulation that releases preformed inflammatory molecules (such as histamine, serotonin and proteases), and a subsequent secretion of de novo synthesised arachidonic acid metabolites and inflammatory cytokines 1, 2 .
Unfortunately, this inflammatory response can also be detrimental and lead to immediate-type allergic reactions 1 and other inflammatory disorders like asthma 3 , arthritis 4 and multiple sclerosis 5 .
Mature mast cells originate from hemopoietic stem cell derived progenitors in the bone marrow that are recruited out of the circulation and into connective tissues 6, 7 . This recruitment, via adhesion of integrins on the surface of mast cell progenitors to components of connective tissue, like fibronectin (FN), is thought to play a critical role in mast cell retention and subsequent proliferation, differentiation, survival, priming and activation 8, 9 . Various stimuli have been shown to induce the adhesion of bone marrow derived mast cells (BMMCs) to FN, via the integrins 4 1 and 5 1 (very late antigens (VLA)-4 and -5, respectively) 10 . These include physiologically relevant stimuli, such as Steel Factor (SF) 11, 12 and antigen-crosslinking (IgE+Ag) of the high affinity IgE receptor, Fc RI 13 . While the cell surface level of VLA-4 decreases with BMMC differentiation, that of VLA-5 remains high 14 and appears to be the predominant integrin involved in mature mast cell adhesion to FN 15 .
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We recently demonstrated that IgE, in the absence of crosslinking agents, stimulates multiple signalling pathways in normal BMMCs grown in suspension cultures and that this leads to an increased survival of these cells in the absence of exogenous cytokines 16 . We went on to show that this enhanced survival is due, at least in part, to IgE maintaining Bcl-X L levels and upregulating the production of autocrine-acting cytokines 16 . In the work reported herein we have explored the possibility that IgE alone might also affect biological responses other than survival.
Specifically, we asked if IgE alone could enhance the adhesion of mast cells to FN.
For personal use only. on November 16, 2017 . by guest www.bloodjournal.org From
Materials and Methods

Generation of Mast Cells
BMMCs were derived from 4-to 8-week-old SHIP+/+ and -/-C57B6 or Lyn+/+ and -/-C57B6 mice as described previously 17 . By 8 weeks in culture, greater than 98% of the cells were c-kit
and Fc RI positive, as assessed by fluorescein isothiocyanate (FITC)-labeled anti-c-kit antibodies (BD PharMingen, Mississauga, Canada) and FITC-labeled IgE (anti-erythropoietin 26), respectively 17 . Connective tissue mast cells (CTMCs) were derived from SHIP+/+ C57B6
BMMCs by co-culturing with Swiss 3T3 fibroblasts as described 18 . After 2 weeks of co-culture more than 90% of the adherent mast cells were safranin positive.
IgEs
Unless indicated, mouse monoclonal SPE-7 anti -DNP IgE (Sigma, St. Louis, MO) or monomeric SPE-7, prepared as described previously, 16 was used throughout. Where in dicated, TNP -lysine affinity purified, mouse monoclonal Liu anti-DNP (H1 26.82) 19 or anti-kappa chain affinity purified, mouse monoclonal anti-Epo26 (StemCell Technologies Inc., Vancouver, BC) was used.
All IgEs were titred using an IgE ELISA (BD PharMingen, San Diego, CA).
Adhesion Assay
96-well Nunc Maxisorp plates (NUNC, Naperville, IL) were coated with 50 µg/ml human FN BSA in HBSS for 1.5 h at 23°C as described 21 . IL-6 and TNF (BD PharMingen) ELISAs were performed with bead supernatants according to the manufacturer's instructions.
FACS Analysis
BMMCs were washed and resuspended at 5×10 5 cells/ml in IMDM + 0.1% BSA ± 5 µg/ml IgE and incubated in 6-well tissue culture plates or BIOCOAT human FN-coated 6-well plates 
Calcium measurements
Calcium fluxes were measured as described previously 17 For personal use only. on November 16, 2017 . by guest www.bloodjournal.org From µg/ml IgE was added during the fura-2 loading step, followed by stimulation with 20 ng/ml DNP-HSA. For the 2-APB studies, cells were labelled with fura-2 at 37°C in the presence of 50 µM 2-APB, then stimulated as above. For the EGTA studies, 5 mM EGTA was added immediately prior to the addition of the stimulus.
Survival Assay
Survival assays were carried out as described previously 16 except that Falcon 1172 96-well flat bottom plates were first treated for 1 h at 37°C ± 50 µg/ml FN and then all the plates treated for 1 h at 37°C with 3% BSA. The wells were then washed with IMDM + 0.1% BSA and the BMMCs, after washing with IMDM, were added at 5x10 5 cells/ml in IMDM + 0.1% BSA ± IgE.
Viability was assessed by trypan blue exclusion.
Results
IgE alone stimulates the adhesion of both BMMCs and CTMCs to FN
We recently demonstrated that monomeric IgE, in the absence of crosslinking agents or exogenous growth factors, was capable of enhancing the survival of BMMCs and did so, at least in part, by maintaining Bcl -X L levels and by producing autocrine-acting cytokines 16 As reported previously, the concentrations of SF and antigen that gave half maximal adhesion (ie, approximately 0.5 ng/ml and 1.5 ng/ml, respectively) were far less (10-100 fold) than that required for half maximal stimulation of proliferation 11 or degranulation 23, 24 , respectively. It is worthy of note that the background adhesion of BMMCs to FN varied from one experiment to another (from 4-18%). This variation primarily reflects differences in the basal level of adhesion between different batches of BMMCs.
It is now well documented that SF and other agents that enhance adhesion of mast cells to FN do so in a transient way 11, 23 . We therefore carried out time course studies with IgE alone to determine if the kinetics of adhesion and/or release were similar to that obtained with SF or 
IgE alone stimulates the adhesion of BMMCs to FN via an increase in the avidity of VLA-5
To gain some insight into the nature of the receptors on BMMCs that bind to FN in response to IgE alone, we carried out adhesion assays in the presence and absence of the peptide GRGDSP (which contains the RGD consensus sequence within FN that binds to a sub-set of integrins 15 ) or a control peptide, GRGESP. As expected from previous reports 12 , the RGD-containing peptide completely inhibited SF-induced adhesion while the control RGE-containing peptide did not, and the same results were obtained with IgE (Fig 2A) . To hone in on which integrin was involved in IgE-induced adhesion to FN, we next examined the effect of blocking VLA-5 with the anti -5
integrin antibody MFR-5 (anti-CD49e) since it had been shown previously that this integrin was involved in SF-and IgE+Ag-induced adhesion of BMMCs to FN 11, 22 . As can be seen in Fig 2B, this antibody also inhibited IgE-induced adhesion to FN. However, this antibody did not completely block adhesion, thus it is possible that another RGD binding receptor also contributes
to IgE-and SF-induced adhesion.
To determine if IgE, in the absence of Ag, was enhancing BMMC adhesion to FN by upregulating the cell surface level of VLA-5 we carried out flow cytometry using anti-CD49e.
As can be seen in Fig 2C, there was no increase in the cell surface level of 5 integrin following a 1h treatment with IgE (when binding to FN is maximal (Fig 1B) ). Thus IgE alone, similar to what has been reported previously with SF and IgE+Ag 22 , appeared to enhance adhesion not by upregulating integrin receptors but by increasing the avidity of VLA-5 via "inside-out"signalling.
Also, there was no change in the cell surface level of 5 integrin following a 4 h treatment with IgE in the presence of either BSA ( Fig 2D, top 
IgE-induced adhesion of BMMCs to FN requires PI3K but not Erk or p38
To gain some insight into the intracellular pathways through which IgE alone triggered adhesion to FN we first explored the role of the PI3K pathway since it had been shown previously to be involved in SF-and IgE+Ag-induced BMMC adhesion to FN 22, 27, 28 .
To do this, we tested the PI3K inhibitor, LY294002, and found that it inhibited both SF-and IgE-induced adhesion of BMMCs to FN (Fig 3A) . Similar results were obtained with wortmannin (data not shown). We carried out these and subsequent inhibitor studies at times and concentrations of IgE and SF that were suboptimal for adhesion to FN in order to maximize the sensitivity of the assay to potential inhibitors and minimize exposure of the cells to inhibitors. As well, we titrated the various inhibitors used via Western analyses of BMMCs stimulated for 5 min with 5 µg/ml IgE or 10 ng/ml SF, so that we employed the lowest concentration that completely inhibited the target pathway (data not shown).
To explore the role of the PI3K pathway further we compared the IgE-induced adhesion of We then asked if the Erk or p38 pathways were playing a role in IgE-induced adhesion to FN since they are more active in IgE+Ag-induced SHIP-/-BMMCs 30 . Specifically, we tested the MEK inhibitors, U0126 and PD98059, and the p38 inhibitor, SB203580, using concentrations that totally blocked IgE-or SF-induced Erk and p38 phosphorylation 30 . As can be seen in Fig   3D , these inhibitors had no effect on either IgE-or SF-induced adhesion of BMMCs to FN.
IgE, but not SF, requires entry of extracellular calcium for BMMC adhesion to FN
Since the binding of calcium to the extracellular domain of the VLA-5 dimer has been shown to be essential for integrin-mediated adhesion induced via inside-out signalling 24 (Fig 5B) . Also in support of our 2-APB findings, the impaired Ca o ++ entry in the absence of Lyn did not reduce SF-induced adhesion of these BMMCs to FN. In fact we reproducibly observed a slight increase in SF-induced adhesion with Lyn-/-BMMCs ( Fig   5B) . It is worthy of note that the cell surface Fc RI and c-kit levels were similar on Lyn +/+ and -/-BMMCs (data not shown)
To explore the signalling requirements for IgE-induced adhesion further we tested the phospholipase C (PLC ) inhibitor, U73122. PLC cleaves PI-4,5-P 2 to generate two second messengers; diacylglycerol (DAG), which binds and activates a subset of PKC family members 36 and IP 3 , which binds to IP 3 receptors on endoplasmic reticula and mitochondria to release intracellular stores of calcium 33 . This release in turn triggers the entry of Ca o ++ and the To test this we first added the pan-specific PKC inhibitor, Compound 3 (bisindolylmaleimide I) to our adhesion assay. As shown in Fig 6B, likely that one or more isoforms of PKC may actually play a negative role in regulating the avidity of VLA-5 on BMMCs for FN. We then tested the classical PKC inhibitor, Gö6976, at various concentrations and found, consistent with the 2-APB results described above, that it potently inhibited IgE-induced (and IgE+Ag-induced) but not SF-induced adhesion to FN ( Fig   6C) . This suggested that a calcium-dependent PKC may positively regulate IgE-but not SFinduced adhesion. Alternatively, Gö6976 may be acting through a different kinase to inhibit IgEinduced adhesion.
For phosphorylation and found that phosphorylation was both prolonged and more intense when the cells were attached to FN (Fig 7A, middle panel) . A reprobe with anti-Erk antibodies demonstrated equal loading (Fig 7A, bottom panel) .
To look at the biological ramifications of IgE-induced adhesion to FN we asked if IgE alone, which does not trigger detectable degranulation in suspension cultures of BMMCs 16 , might now trigger degranulation of FN-adhered cells. However, no significant degranulation was observed (data not shown). We then compared the levels of pro-inflammatory cytokines secreted into the medium from non-adherent versus FN-adherent IgE-treated BMMCs. For these experiments, BMMCs were stimulated with 5 µg/ml IgE for 3 h in the presence of 15µ polystyrene beads previously coated with BSA or FN 21 . IL-6 and TNF ELISAs revealed that IgE-induced activation of VLA-5 substantially increased the levels of these cytokines (Fig 7B) .
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Since we had previously shown that the production of autocrine-acting cytokines may contribute to IgE-mediated enhancement of BMMC survival 16 , we next performed survival studies with IgE in the presence and absence of FN. Two concentrations of IgE were initially tested, 2 µg/ml and 5 µg/ml, and viable cells were counted after 4 days. We observed, as seen in Fig 7C ( 
Discussion
Mast cells congregate in connective tissue and are especially numerous beneath the epithelial surfaces of the skin and in the respiratory, gastrointestinal and genito-urinary tracts. This tissue localization, which plays a critical role in enabling mast cells to respond rapidly to invading parasites, bacteria and environmental antigens, is thought to involve the binding of mast cell progenitors via their integrins to connective tissue components. We demonstrate herein that IgE alone (at approximately 2 µg/ml), is capable of maximally triggering adhesion of both BMMCs and CTMCs to FN and does so to the same extent as optimal levels of SF (approximately 10 ng/ml) or IgE+Ag (5 ng/ml of Ag). Interestingly, these levels of SF and Ag are substantially lower than those required to induce BMMC proliferation and degranulation, respectively, confirming earlier reports 11, 12, 23 and may suggest that, in vivo, low levels of these stimuli play an important role in mast cell recruitment. Relevant to this, the concentration of SF in normal human serum is approximately 3 ng/ml 38 while that of IgE ranges from less than 0.1 µg/ml in normal individuals to more than 30 µg/ml in highly atopic individuals 39 . Thus it is possible that IgE alone only plays a significant role in mediating recruitment, adhesion and subsequent cytokine production and survival of mast cells during infections or allergic reactions.
The ability of IgE alone to enhance BMMC survival was recently published back-to-back by our group 16 and Asai et al 40 is not a specific Erk pathway inhibitor. In fact, it inhibits many pathways at 20 µM, including the SF-induced tyrosine phosphorylation of c-kit, while at 5 µM it inhibits neither Erk phosphorylation nor SF-induced adhesion (data not shown).
The role that Ca o ++ plays in mast cell adhesion is complicated because it not only binds directly to the extracellular domains of the integrins to modulate heterodimer formation and affinity for FN and other ligands but it can also enter the mast cell to activate various intracellular pathways 15, 24, 31, 33 . As far as the latter is concerned, it has been known for some time that intracellular calcium is involved in the inside-out signalling that leads to integrin-mediated adhesion and recent studies with LFA-1 mediated adhesion to ICAM-1 suggest, perhaps, a general role for intracellular calcium in increasing the avidity of integrins by activating the calcium-dependent protease, calpain. This protease then cleaves the attachment between the integrin and the cytoskeleton, allowing the integrin to move in the membrane and gather in clusters 31 . One major question that arises from our data is how SF, which does not appear to require entry of Ca o ++ to increase adhesion, mediates integrin clustering.
Engagement of integrins by their ligands is known to activate various signalling pathways and this is referred to as "outside-in" signalling. These "outside-in" signals have been shown to modulate signals coming in from other receptors and alter biological responses triggered by these other receptors. 43 Our observation that tyrosine phosphorylation events are prolonged and of 
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unlikely that IgE-induced cytokine production is rapid enough to contribute significantly to the initial increase in adhesion triggered by IgE. However, it is conceivable that IgE-induced cytokines play a role in IgE-induced adhesion at later time points and we are currently testing this possibility.
Our findings increase the repertoire of biological effects elicited by IgE alone and raise the possibility that IgE, in the absence of Ag, may help in vivo to concentrate mast cells at sites of inflammation and promote, in concert with FN, inflammatory cytokine release and mast cell survival.
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